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We demonstrate a coincidence velocity map imaging apparatus equipped with a novel time stamping fast optical camera, Tpx3Cam, whose high sensitivity and ns timing resolution allow for simultaneous position and time-of-flight detection. This single detector design is simple, flexible and capable of highly differential measurements.
We show detailed characterization of the camera and its application in strong field ionization experiments.
I. INTRODUCTION
Coincidence velocity map imaging (VMI) [1] [2] [3] [4] has become an essential tool in the study of reaction dynamics and strong field laser-matter interactions [5] [6] [7] [8] [9] [10] [11] [12] . VMI maps the transverse momenta of charged particles to positions on a 2D detector such that for a given particle species its distance to the center of the detector is proportional to its initial transverse velocity. One can reconstruct the 3D momentum distribution from the 2D projection via
Abel inversion, given that the initial distribution possesses a cylindrical symmetry, with the axis of symmetry parallel to the detector plane. Coincidence VMI detects both electrons and cations emitted from the same atom/molecule, allowing for access to the full kinematics of a single reaction, and for systematic studies of its underlying physical mechanisms. The most natural design for a coincidence VMI apparatus includes two sets of electrostatic lenses for VMI and two sets of time and position sensitive 2D detectors, for electron and cation detection. The detector usually consists of a set of microchannel plates (MCP), acting as an amplifier, and an anode detector, such as a delay line detector, which provides excellent time and spatial resolution. Simpler and more flexible implementations have also been introduced, where a single set of electrostatic lenses with time-dependent voltages projects both electrons and cations onto a single detector 13 . The delay line detector can be replaced by a fast camera for VMI, while the time-of-flight (ToF) information is collected via a fast digitizer coupled to the MCPs. This configuration allows for easy switching between coincidence and noncoincidence acquisition modes 14 . Non-coincidence acquisition mode is particularly useful in exploring larger parameter spaces (intensity, time duration, pulse shape, pump-probe delay, etc.) and for calibration purposes. [17] [18] [19] .
In this manuscript, we describe a coincidence VMI detector utilizing a novel timestamping fast optical camera, Tpx3Cam. The camera has excellent spatial and temporal 2 resolution and can simultaneously measure the mass and 3D momentum of all charged particles in each ionization event. The camera's large throughput enables a straightforward switch between low-rate coincidence and high-rate non-coincidence detection modes. In addition, as a standalone piece of equipment outside the vacuum chamber, it allows for easy upgrades and maintenance.
Below, we will first describe our experimental setup, in particular, Tpx3Cam. Then we will present new results from two coincidence experiments. These are proof-of-principle experiments, using a molecule (bromoiodomethane, CH 2 IBr) which we are familiar with [20] [21] [22] .
One experiment focuses on differentiating photoelectron spectra according to ion momentum distribution, while the other on the momentum correlation in double ionization.
II. APPARATUS AND DESIGN
A detailed description of the apparatus without Tpx3Cam, can be found in an earlier publication 14 . Briefly, our light source starts with an amplified Ti:sapphire laser system, producing 30 fs (intensity FWHM) pulses with a central wavelength of 780 nm and a pulse energy of 1 mJ, at a 1 kHz repetition rate. The laser beam is then focused into an argon cell where new frequencies are generated due to self-phase modulation 23 . The compressed pulses are measured to be sub-10 fs using self-diffraction frequency-resolved optical gating (SD-FROG). Inside a vacuum chamber, the laser intersects with an effusive molecular beam at the center of a set of VMI electrostatic plates (Fig. 1) of this approach is that the camera optics allow one to map the whole phosphor screen on to a single sensor or to select arbitrary mapping arrangements employing appropriate lenses.
Tpx3Cam is a so-called hybrid pixel detector, which attaches a light sensitive, pixelized silicon sensor to the Timepix3 readout chip 24 . Each pixel acts independently as a fast digitizer which can be used to record timing information. 4
III. TPX3CAM
The heart of the Tpx3Cam camera is a specialized silicon pixel sensor 28 bump-bonded to the Timepix3 readout chip. The sensor has thin entrance window with anti-reflective coating providing high quantum efficiency for light with wavelengths between 400 and 900 nm. For particle detection, the MCP is typically paired with a P47 phosphor, which has an emission maximum at 430 nm. Fig. 2 shows a photograph of the sensor bump-bonded to
Timepix3 on a chip board in the camera.
Timepix3 is a readout chip developed by the Medipix3 collaboration, which was used for the detection of X-rays and other types of ionizing radiation, but so far not for the optical photons. The signal in each pixel, after amplification, is compared to a predefined threshold.
If the signal is higher than the threshold, its time-of-arrival (ToA), is measured together with 
IV. CHARACTERIZATION OF ELECTRON AND ION DETECTION
Electrons and ions are registered by the camera as clusters of neighboring pixels, which all have signal above a threshold, with measured ToT and ToA. Fig. 3 shows an example of an ion hit in the camera shown as ToA and ToT color maps. Typically the clusters have symmetric shapes with a few pixels having a large signal surrounded by pixels with a smaller signal. This is due to the symmetric nature of the charge multiplication in the MCPs, and the consequent photon emission in the phosphor imaged with the camera optics.
It is apparent in the figure that pixels with the largest ToT correspond to pixels with earliest ToA. This is due to the so-called time-walk, a known effect in a constant threshold discriminator, illustrated in Each cluster of pixels is generated by a single particle with a certain ToF and coordinates on the MCP, so the information from multiple pixels can be used to improve the spatial and temporal resolution by applying a centroiding algorithm. First, a simple algorithm is employed to find clusters of connected pixels. Then the pixel with the highest ToT is found in each cluster, and the ToF of this pixel is taken as the particle's ToF. The position of the particle is also determined as coordinates of the pixel with the highest ToT.
The ToF spectrum from the Tpx3Cam data, with assignment of the mass peaks, is shown in 6 (c) and (f), for electrons and ions, respectively. The correction gives a vertical orientation to the electron, ion, and photon bands so their projection on the ToF axis has minimal spread.
The time resolution achieved after the ToT correction is given in Fig. 8 for the electrons and for the I ++ ion peak. The shoulder on the left of the electron mass peak is explained by the scattered photon signal, which is not so apparent in the projection as in the 2D 
V. RESULTS
In this section, we present two measurements carried out with this new apparatus. In the first experiment, we measure the photoelectrons in coincidence with photoions resulting from the strong field single ionization of the bromoiodomethane molecule, CH 2 IBr, which has been used extensively in similar experiments and whose electronic structure is well studied 20, 21 additionally exhibit new features which we have not been able to observe previously with a conventional CMOS camera.
In Fig. 10 , we compare the photoelectron spectra obtained with a conventional fast CMOS camera (Basler acA2000) and the Tpx3Cam camera. The electrons are collected in non-coincidence mode and the raw images are Abel-inverted to recover the 3D momentum distribution. Angular integration for a constant radius renders the spectra shown in the indicates that the new design performs well. Small discrepancies are believed to be a result of intensity variation and the noise introduced by the Abel inversion. Now we present a measurement which demonstrates the ability of coincidence detection, facilitated by the Tpx3Cam, to make a highly differential measurement which isolates electrons in coincidence with fragment ions having specific momenta. This allows one to see pulse shape dependent features in the ionization yield which would otherwise not be discernible. We choose a pump-probe pulse pair, for which we expect dynamics in the ground state of the molecular cation to produce fragment ions and photoelectrons whose momenta are correlated 20 . The main result is shown in Fig. 11 . Here we compare photoelectrons in coincidence with CH 2 Br + (the most abundant fragment ion), produced by a single pulse (SP) and by a pump-probe double-pulse (DP). In the DP experiment, the first pulse (pump)
is identical to that used in the SP experiment, while the second pulse (probe) is 10 times less intense than the pump. The pump pulse ionizes the molecule and the probe redistributes population between ionic states, producing correlated changes in the electron and ion momentum distributions. The SP experiment is used as a reference for comparison.
We start with the 2D raw images of CH A second experiment focuses on double ionization (DI) in CH 2 IBr. In fact, the DI results shown in Fig. 12 and the single ionization (SI) presented earlier come from the same data set. At the intensity (∼ 10 TW/cm 2 ) where the measurement is carried out, about 5% of laser shots generate a coincidence event. Most of these events are SI, containing exactly one electron and one ion. A DI event should produce exactly two electrons and two ions, but not all such quadruple detections result from DI due to false coincidences (e.g. two SI events).
Additional filters are designed to check that the pair of ions add up to the parent ion and their momenta sum up to zero. Only about 0.2% of the total coincidence events pass these filters. We plot the momentum correlations for both electrons and ions (CH 2 Br + and I + ) collected in this fashion in Fig. 12 . We choose the laser polarization direction to be the momentum x-axis (p x ). The bottom two ion-ion correlation plots show anti-correlations as expected from momentum conservation. It is interesting to note that the p x -p x correlation has most yield for large momenta, while the p y -p y correlation plot shows the largest yield around zero momentum. This implies that the ionization leading to these pair of fragment ions has the largest yield for molecules whose C-I axis parallel are aligned to the laser polarization. The top two panels show the e-e correlations. We can see a diagonal line in both plots, which represent a positive correlation of the electrons' momenta -that is, both electrons have a tendency of being emitted in the same direction. This result is important because not only it shows the full quadruple coincidence VMI detection using the Tpx3Cam works as we expected, but also it provides evidence of electron correlation in molecular DI.
VI. CONCLUSIONS
In conclusion, we have demonstrated the use of the new Tpx3Cam in conjunction with a velocity map imaging apparatus for coincidence detection of electrons and ions. The high sensitivity and time resolution of Tpx3Cam allows for highly differential measurements with a single detector, and for switching between coincidence and non-coincidence modes easily and rapidly. We anticipate that this configuration of VMI and Tpx3Cam will be useful for a wide range of experiments which produce electrons and ions whose momenta yield important information about molecular structure and dynamics.
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